Background-Two opposite views of cardiac growth are currently held; one views the heart as a static organ characterized by a large number of cardiomyocytes that are present at birth and live as long as the organism, and the other views the heart a highly plastic organ in which the myocyte compartment is restored several times during the course of life. Methods and Results-The average age of cardiomyocytes, vascular endothelial cells (ECs), and fibroblasts and their turnover rates were measured by retrospective 14 C birth dating of cells in 19 normal hearts 2 to 78 years of age and in 17 explanted failing hearts 22 to 70 years of age. We report that the human heart is characterized by a significant turnover of ventricular myocytes, ECs, and fibroblasts, physiologically and pathologically. Myocyte, EC, and fibroblast renewal is very high shortly after birth, decreases during postnatal maturation, remains relatively constant in the adult organ, and increases dramatically with age. From 20 to 78 years of age, the adult human heart entirely replaces its myocyte, EC, and fibroblast compartment Ϸ8, Ϸ6, and Ϸ8 times, respectively. Myocyte, EC, and fibroblast regeneration is further enhanced with chronic heart failure. Conclusions-The human heart is a highly dynamic organ that retains a remarkable degree of plasticity throughout life and in the presence of chronic heart failure. However, the ability to regenerate cardiomyocytes, vascular ECs, and fibroblasts cannot prevent the manifestations of myocardial aging or oppose the negative effects of ischemic and idiopathic dilated cardiomyopathy. (Circulation. 2012;126:1869-1881.) 
T hree cellular processes regulate the postnatal development of the heart, the steady state of the adult organ, myocardial aging, and chronic heart failure (CHF): myocyte regeneration, hypertrophy, and death. 1, 2 The balance between cell growth and cell death characterizes tissue homeostasis in which cell loss is counteracted by a corresponding rate of cell renewal. Myocyte hypertrophy occurs with maturation and in response to a hemodynamic challenge in the adult heart; postmitotic myocytes increase in size and thus are unable to reenter the cell cycle and divide. Although there is no controversy on the role of myocyte hypertrophy in the expansion of the cardiac mass, debate persists on the extent of myocyte formation occurring physiologically after birth, in adulthood, and in the presence of pathological stimuli. 3, 4 
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The integration of atmospheric 14 C into the nuclear DNA has been used to define the turnover rate of cardiomyocytes in the human heart. 3 The [ 14 C] in the atmosphere is constantly monitored, and the birth date of cells can be defined by tracing back the year in which an equivalent atmospheric 14 C was detected. Based on [ 14 C], the claim has been made that myocyte turnover involves at most 1% of cells annually in individuals 25 years of age; by 75 years of age, it decreases
to 0.45%. By this premise, only Ϸ50% of myocytes are replaced once during the course of life in humans, whereas an equal number live as long as the organ and organism. 3 The low degree of myocyte renewal reported by this work is inconsistent with the extent of myocyte death present in the human heart with aging alone and together with cardiac diseases. 4 -8 The magnitude of myocyte turnover measured by other methodologies suggests that myocyte regeneration is significantly higher than 0.45% to 1% and increases with age and CHF. 4,9 -12 Therefore, retrospective 14 C birth dating of myocytes, endothelial cells (ECs), and fibroblasts was measured in 19 normal donor hearts (not used for transplantation) obtained from individuals 2 to 78 years of age. Moreover, the renewal of myocytes, ECs, and fibroblasts was determined in 17 explanted hearts collected from patients 22 to 70 years of age who were suffering from CHF.
Methods
An expanded Materials and Methods section is provided in the online-only Data Supplement.
Patients
Donor hearts declined for transplantation and explanted hearts were used in this study. Collectively, 19 donor and 17 explanted hearts were obtained. Extensive histological analysis was conducted in each donor heart to exclude cardiac pathologies. Explanted hearts were collected from 13 patients affected by postinfarction ischemic cardiomyopathy and 4 affected by idiopathic dilated cardiomyopathy.
Isolation of Myocardial Cells
Large samples of the left ventricle were digested by collagenase, and cardiomyocytes were purified by differential centrifugation. These sampled areas were associated with a predominantly intact coronary artery branch to allow appropriate perfusion of the tissue. This approach excluded that large foci of scarring were present in the myocardium. Nonmyocytes were incubated with anti-von Willebrand factor and anti-CD146 for the identification of ECs and fibroblasts, respectively. Cell sorting was performed by FACSAria. The purity of each cell preparation in each heart was determined by immunolabeling and confocal microscopy. Mononucleated and multinucleated cells were measured together with the level of DNA ploidy for the appropriate interpretation of
Accelerator Mass Spectrometry
The analyses by accelerator mass spectrometry (AMS) were done blindly in DNA samples obtained from each cell preparation. Background contamination was accounted for by following the procedure of Brown and Southon. The [ 14 C] data are reported as decay-corrected ⌬ 14 C.
Immunocytochemistry and Quantitative Analysis
Replicating cells were identified by Ki67, phospho-H3, and aurora B kinase labeling. Myocytes, ECs, and fibroblasts were recognized by ␣-sarcomeric actin, von Willebrand factor, and procollagen, respectively. The number and volume of myocytes, ECs, and fibroblasts were measured morphometrically.
Image Processing
Images were assembled with Adobe Photoshop software according to the standard protocol detailed in the Nature guidelines for digital images. Processing included changes in brightness and was applied uniformly across the entire image; it was used exclusively to equalize the appearance of multiple panels in a single figure.
Spectral Analysis
Spectral analysis was performed to validate the specificity of all immunolabeled signals. This technique was performed with a Zeiss LSM510 Meta confocal microscope. The emission spectra were normalized by dividing the intensity of each wavelength by the peak signal. The spectrum from each actual signal exhibited a welldefined peak, whereas the spectrum of autofluorescence was spread across the range of wavelengths and did not show a clearly defined peak.
Statistical Analysis
Results are shown as meanϮSD. Significance was determined by the Student t test and Bonferroni method. Nonlinear regressions, confidence intervals, and covariance were calculated with the Prism software. All P values are 2 sided, and values of PϽ0.05 were considered significant. The sampling error for each quantitative measurement was determined assuming a Poisson distribution.
Results

Cardiac Cells for Retrospective 14 C Birth Dating
The earlier report on 14 C birth dating of cardiomyocytes and noncardiomyocytes used mathematical modeling to define the average age of these cells. 3 This approach was required because the variables needed for the direct measurement of [ 14 C] in cardiac cells and the several correction factors necessary for accurate assessment of atmospheric [ 14 C] in the DNA could not be ascertained from the samples of frozen myocardium. 3 In this study, the 19 donor and 17 explanted hearts were obtained within 24 hours of organism death or organ explantation, allowing the acquisition of all the data involved in 14 C determinations (Tables I and II in the online-only Data Supplement). In each case, myocytes, ECs, and fibroblasts were isolated from a large portion of the left ventricle free of areas of scarring. Moreover, the purity of each cell preparation was determined ( Figure 1 ), and the values of [ 14 C] in each cell class of each heart were corrected for the contribution of the other cell categories. Another aspect relevant to the analysis of [ 14 C] in myocytes concerned the proportion of mononucleated, binucleated, and multinucleated cells. The availability of isolated cells allowed us to measure this parameter and to introduce it in the evaluation of [ 14 C] (Figure 2A through 2F) by AMS. At 2, 3, and 7 years after birth, myocytes were almost exclusively mononucleated; binucleated myocytes became apparent at 16 and 20 years of age and later in life. Trinucleated myocytes were seen only occasionally, and tetranucleated cardiomyocytes were not found. As shown by nonlinear exponential fitting, from 2 to 78 years of age, mononucleated myocytes decreased and binucleated myocytes increased up to 25 years of age and remained constant thereafter. An average of 77% mononucleated and 23% binucleated myocytes were found in the adult human heart, and these values were not affected by myocardial aging or CHF. Mononucleated myocytes consti-
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tuted the large majority of cells with aging and CHF; however, the [ 14 C] in myocyte nuclei was corrected in each heart for the relative contribution of mononucleated and binucleated myocytes. This adjustment was not needed for ECs and fibroblasts; we never found a binucleated EC or fibroblast.
To establish whether the enzymatic digestion protocol affected the proportion of mononucleated and binucleated myocytes, 20-to 25-m-thick sections from normal (nϭ5) and failing (nϭ5) hearts were stained by ␣-sarcomeric actin and connexin 43, and the percentage of these 2 cell classes was determined in situ by confocal microscopy. The collected data were consistent with the results obtained in dissociated myocytes ( Figure 2G through 2I), confirming the efficiency of the cell isolation protocol.
Polyploidy Affects a Small Fraction of Myocyte Nuclei
A critical parameter for the interpretation of [ 14 C] in the DNA involves the analysis of ploidy in cardiomyocyte, EC, and fibroblast nuclei. Polyploidy, ie, 4n, 8n, and 16n, would mimic cell replication, resulting in an overestimation of the rate of cell turnover. Thus far, there is little or no information on this critical process of DNA endoreplication in the human heart, and frequently cited results 3, 13 were collected nearly 4 decades ago. 14 These old studies were based on the measurement of DNA content per nucleus by Feulgen staining and cytophotometry. Labeling of nuclear DNA by the Feulgen reaction 15 was developed in 1924 and was combined with cytophotometry in 1964. 16 Unfortunately, this protocol continues to be used, despite significant limitations, including the type and duration of fixation, 17 the extent of DNA hydrolysis required for the Schiff reaction, 18, 19 and the chromatin structure. Chromatin structure is critical for the accessibility of the DNA by this technique. 20 These inherent problems are avoided by the use of flow cytometry, which has become the gold standard for measurement of nuclear ploidy in various organs, including liver, 21 brain, 22 intestine, 23 skin, 24 kidney, 25 and cancer cells. 26, 27 The analysis of ploidy in cardiac cell preparations by flow cytometry showed that the majority of myocyte, EC, and Tetraploid and octaploid myocyte nuclei were rare, and hexadecaploid myocyte nuclei were not detected, confirming previous results. 12 The fraction of myocyte, EC, and fibroblast nuclei with DNA content higher than 2n and lower than 4n reflected dividing cells positive for Ki67 ( Figure IG in the online-only Data Supplement). Myocyte nuclei with 4n DNA content were, in part, Ki67 positive, whereas octaploid myocyte nuclei were negative for Ki67, excluding that they represented cycling cells in G2 ( Figure  IH in the online-only Data Supplement). Additionally, polyploid EC and fibroblast nuclei were negligible ( Figure  IIA in the online-only Data Supplement). As shown by nonlinear exponential fitting ( Figure 2K ), polyploid myocyte nuclei increased during postnatal myocardial growth, reaching a plateau at Ϸ25 years of age. Organ age and duration of CHF did not affect the fraction of polyploid myocyte, EC, or fibroblast nuclei ( Figure 2K and Figure 
Cell Number Is Required for 14 C Birth Dating
Myocyte number per unit volume of myocardium was determined by measuring myocyte cell volume and the volume fraction of myocytes within the tissue. Myocyte cell volume was obtained in isolated myocytes by optical section reconstruction ( Figure IIIA in the online-only Data Supplement), and the volume fraction of cardiomyocytes was determined morphometrically in samples collected from the same hearts for histological analysis. From these 2 parameters, the number of cardiomyocytes per 10 cm 3 myocardium was computed. An identical protocol was used for ECs and fibroblasts (Figure IIIB through IIIF in the online-only Data Supplement). The volume fraction of cardiomyocytes and ECs was higher in the aging heart than in CHF, whereas the volume fraction of fibroblasts was larger in the decompensated heart. These changes were dictated by a dramatic increase in interstitial and replacement fibrosis with CHF ( Figure IIIB , IIID, IIIF, and IIIG in the online-only Data Supplement). The reduction in the myocyte compartment, together with the increase in myocyte cell volume, led to a significant decrease in the number of cardiomyocytes per 10 cm 3 myocardium with CHF.
The Interpretation of [ 14 C] Is Dependent on Organ Birth Date
The multivalued curve of [ 14 C] in the atmosphere creates problems in terms of accuracy in deriving the average age of a cell population ( Figure IVA in the online-only Data Supplement). The atmospheric 14 C curve shows the dependent variable, ie, [ 14 C], as a function of time, which represents the independent variable. This curve has the characteristics of a proper function: 1 independent variable yields 1 unique dependent variable. However, in retrospective 14 The highest value of [ 14 C] in the northern hemisphere was measured in 1963, but the annualized average reached its maximum in July 1964. Thus, the 9 donor hearts, from 2 to 46 years of age, collected from individuals born after the peak in [ 14 C] in the atmosphere can all be analyzed by use of the descending limb of the 14 C curve ( Figure IVC in the onlineonly Data Supplement). However, for the 10 donor hearts from individuals born before the 14 C peak, 2 separate values can be obtained in each case. If the ascending limb of the 14 C curve is arbitrarily selected, average myocyte age in this group of hearts would be 53 years. Conversely, if the descending limb of the 14 C curve is arbitrarily chosen, average myocyte age would be 5 years ( Figure IVD Figure  2B ). The fraction of binucleated myocytes was 23%, 25%, 28%, 27%, and 25% in these individuals aged 69, 68, 63, 58, and 55 years, respectively, indicating that a significant amount of DNA synthesis had to occur during the first 25 years of life. Moreover, tetraploid and octaploid myocyte nuclei together accounted for Ϸ12% of cells in these 5 hearts, implying that an additional level of DNA synthesis took place early in life (see Figure 2K ).
In the first 25 years of life of the man aged 69, from 1941 to 1966, the weighted average atmospheric [ 14 C] was 182; this was derived from the yearly [ 14 C], comprising the interval before the rise in [ 14 C], its peak, and part of the descending limb of the 14 C curve ( Figure 3A ). The calculated Figure 3A) . On the basis of these data, only the values on the descending limb of the 14 C curve were considered valid for the measurement of average myocyte age. This argument could not be applied to the 78-year-ofage individual born in 1933. In this case, the weighted average atmospheric [ 14 C] in the first 25 years of life was extremely low, 16, and less than the measured value, 67; however, the results in the other 18 hearts indicated that the descending limb of the 14 C curve was appropriate for the evaluation of average myocyte age. An identical approach was introduced in the analysis of the 17 explanted hearts: 3 hearts were collected from patients born after the [ 14 C] peak; 3 hearts were obtained from patients born shortly before 1963 when the [ 14 C] in the atmosphere was almost at its maximum; and 11 hearts were acquired from patients born before the rise or during the initial phase of the increase in atmospheric [ 14 C] ( Figure  VA in the online-only Data Supplement). In the first 3 cases, the descending limb of the 14 C curve was used to measure average myocyte age. In the second group of 3 cases, the levels of atmospheric 14 C at the time of birth were already higher than those measured by AMS, indicating that only the values on the descending limb were biologically valid for the assessment of myocyte age ( Figure VB in the online-only Data Supplement). In the third group of 11 hearts, the weighted average atmospheric [ 14 C] during the initial 25 years of life was higher in each case than that measured by AMS, designating the descending limb of the 14 C curve appropriate for the evaluation of myocyte age ( Figure 3B ).
Myocyte Age Decreases and Turnover Increases With Aging
Donor hearts aged 2, 3, and 7 years showed similar values of myocyte age, averaging 8 months ( Figure 4A ). From 2 to 20 years of age, myocyte age averaged 2.8 years; from 33 to 46 years of age, 7.9 years. From 49 to 63 years and from 68 to 78 years of age, myocyte age was 6.5 and 2.6 years, respectively. Thus, myocyte age increased postnatally, remained relatively constant in adulthood, and decreased in the old heart ( Figure 4B ).
Myocyte turnover was computed in a similar manner ( Figure 4C ). From 2 to 20 years of age, annual myocyte renewal comprised 23% of cells; from 20 to 40 years of age, 7% of cells. Subsequently, myocyte replacement increased with age; at 50, 60, 70, and 80 years of age, myocyte formation involved annually 8%, 10%, 14%, and 19% of cells, respectively. From 2 to 20 years of age, the number of cardiomyocytes doubled, and myocyte cell volume increased 4.5-fold ( Figure 4D ), indicating that myocyte formation and cellular hypertrophy contributed to the increase in myocardial mass with maturation. Consistent with previous results, 5 the adult value of Ϸ8ϫ10 9 myocytes was reached at 20 years of age. Thus, the ability of the human heart to renew its myocyte compartment in adulthood from 20 and 78 years was calculated; the 
EC and Fibroblast Age and Turnover Vary With Aging
The [ 14 C] measured by AMS in each EC and fibroblast preparation is listed in Table III in the online-only Data Supplement. These values were used to compute average cell age. The age of ECs averaged 1 year up to 7 years of organ age; however, it increased to 8 years in hearts from 16 to 33 years of age and remained essentially constant up to 78 years of age ( Figure 4E and 4F ). Annual EC turnover was 31% from 2 to 7 years of age but decreased to 9% at 16 years and 6% at 20 years of age. EC renewal did not change further with age ( Figure 4G ). Fibroblasts mimicked myocyte and EC behavior up to Ϸ40 years of age. In older hearts, fibroblast age was similar to that of myocytes but younger than ECs ( Figure 4H and 4I ). Annual fibroblast turnover decreased from 33% at 2 years of age to 6% at 20 years of age ( Figure  4J ) and remained rather constant from 20 to 40 years of age. Fibroblast renewal increased progressively at 50, 60, 70, and 80 years of age; a turnover rate of 7%, 9%, 12%, and 15% per year, respectively, was found. From 20 to 78 years of age, ECs were renewed Ϸ6 times and fibroblasts Ϸ8 times ( Figure VIB and VIC in the online-only Data Supplement). Thus, the growth and death of cardiomyocytes and fibroblasts are comparable in the adult and aging heart, exceeding the growth and death of ECs ( Figure 4K ).
Cardiac Cell Age Decreases and Turnover Increases With CHF
The myocyte compartment in failing hearts was composed of cells 40% younger than in physiological aging ( Figure 5A and 5B). Similarly, myocyte turnover was higher with CHF; the highest value was found in a patient aged 22 years in whom myocyte regeneration was 750% per year ( Figure 5C ). Even if we exclude this unique case, CHF in patients 23 to 70 years of age resulted in a nearly 2-fold higher level of myocyte renewal than in normal hearts 20 to 78 years of age ( Figure 5D ). In failing hearts 22 to 70 years of age, ECs and fibroblasts were 42% and 49% younger, respectively, than in normal hearts of similar age. Fibroblasts retained a younger phenotype than ECs ( Figure 5E and 5F) , although myocytes showed Figure 5B ). With CHF, the annual renewal of ECs varied from 12% to 75%. Fibroblast turnover was higher, ranging from 16% to 91% ( Figure 5G and 5H).
Myocyte Generation at Organ Death
The cardiomyocyte [ 14 C] gives a measurement of the average age of this cell population; if 1 myocyte is 40 years of age and another is 1 year of age, a value of 20.5 years is obtained. To determine the degree of myocyte regeneration at organ death, 3 markers of the cell cycle were used: Ki67, 4,10 -12 phospho-H3, 4 and aurora B kinase. 4, 28 Ki67 is expressed in late G1, S, G2 and early mitosis and is not implicated in DNA repair or ploidy formation. Phospho-H3 is upregulated in late G2 and mitosis; it is highly phosphorylated at Ser10 during chromatin condensation and remains phosphorylated up to the end of telophase. Aurora B kinase ensures accurate segregation of the duplicated chromosomes and controls proper cytoplasmic division, preventing polyploidization. 28 Myocyte nuclei labeled by Ki67 were found in the left ventricle of all hearts with aging and CHF ( Figure 6A ). The expression of Ki67 allowed us to measure the number of myocytes being formed at the time of sample acquisition ( Figure 6B ). The Ki67 data in aging hearts yielded a curve ( Figure 6C ) that mimicked the results by [ 14 C]. Similarly, myocyte growth was enhanced with CHF ( Figure 6D ), paralleling the 14 C data. To validate the data collected in tissue sections, the fraction of Ki67positive myocytes was measured in isolated cells from normal (nϭ5) and failing (nϭ5) hearts ( Figure 6E ). The 2 approaches yielded essentially identical values, confirming the reliability of the measurements obtained and the proper efficiency of the cell isolation protocol. Compared with aging hearts 20 to 78 years of age, an average 4.5-foldhigher number of cycling myocytes was found with CHF ( Figure 6E and 6F) . The high degree of covariance between the Ki67 curve and the 14 C curve with aging Figure 6G ) provided strong evidence in favor of the interpretation of the 14 C data. A myocyte mitotic index was measured by phospho-H3 expression in tissue sections ( Figure 7A ) and isolated myocytes ( Figure 7B ). As expected, this parameter was higher in failing hearts ( Figure 7B 
Discussion
Collectively, our findings indicate that the human heart is a dynamic organ characterized by high turnover of myocytes, ECs, and fibroblasts. This conclusion was reached by applying an analysis that (1) is independent from a potential bias;
(2) excludes the human factor in the collection of the data; (3) uses a nonmodified, unperturbed biological system, ie, physiological myocardial aging; (4) introduces an established condition, CHF, known to affect the myocardium structurally and functionally; and (5) is redundant from the point of view of information theory, reducing the amount of noise in the data, ie, misinformation, as defined by the Shannon law. 29 Thus, we have used AMS for the measurement of [ 14 C] in myocytes to define the average age and turnover of this cell population. Additionally, flow cytometric analysis was used to evaluate polyploidy in myocyte nuclei, a critical determinant of average myocyte age and turnover. These operatorindependent findings were combined with 3 operatordependent measurements-Ki67, phospho-H3, and aurora B kinase localization-in replicating myocyte nuclei and dividing cells. 
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A certain degree of skepticism may exist concerning these observations because previous results using only retrospective 14 C birth dating have suggested that myocyte turnover in the human heart is minimal and decreases with age. 3 In contrast to this early work, several confounding factors were considered here in the analysis of 14 C incorporation into the nuclear DNA of cardiomyocytes, 2, 8 including the unbiased collection of cardiomyocytes, purity of the cell preparation, proportion of mononucleated and multinucleated cells, fraction of polyploid nuclei, and number of cardiomyocytes. These variables have profound consequences on the quantitative evaluation of cardiomyocyte renewal in the aging heart by 14 C birth dating of cells.
Data in our study are consistent with the necessary balance between myocyte death and myocyte regeneration present during an individual's lifespan. Myocyte apoptosis and necrosis occur physiologically, [5] [6] [7] 30 and cell death has to be accompanied by cell formation for the heart to continue to exist. The simple concept of a requisite equilibrium between myocyte death and renewal has often been ignored. Myocyte apoptosis in the normal human heart involves at least 10 of 10 6 cells, 5 and because apoptosis lasts at most 4 hours, 31 0.006% myocytes are lost per day, accounting for a decrease of 2.2% myocytes per year. Myocyte apoptosis increases linearly with age, so over a period of 30 years, Ϸ95% of the original ventricular myocytes are lost as a result of wear and tear of the organ. 4 This magnitude of cell death does not include cell necrosis, 30, 32 which has recently been documented independently by the presence of cardiac troponin in the circulation of apparently healthy individuals. 6, 7 Thus, a significantly higher level of myocyte regeneration than that purported in the previous study on 14 C birth dating of cells 3 has to occur to preserve cardiac mass and function in humans.
Myocardial aging and CHF are characterized by activation of resident cardiac stem cells with decreased telomere length, generating an old progeny that contributes to the manifestations of the aging myopathy 4, 32 and ventricular decompensation. 33 Cardiac stem cells with shortened telomeres are preferentially activated rather than cardiac stem cells with long telomeres, which can experience a larger number of divisions, 4,34 before replicative senescence and growth arrest are reached. 35 Apparently, the latter class of cardiac stem cells remains quiescent and their growth reserve is intact late in life, reflecting a pool of young cardiac stem cells in the old or failing heart. 4, 34 The length of telomeres in stem cells is controlled largely by telomerase activity that partly restores the telomeric DNA lost during each round of division. 36 Telomere attrition may upregulate telomerase, which in turn stimulates the cell cycle. This interaction is found in highly proliferating cancer cells that have dramatically shortened telomeres but possess high telomerase activity. 37 A relevant issue addressed here, with significant effects on the evaluation of [ 14 C] in the nDNA, concerns the polyp- 
loidization of myocyte nuclei with aging and CHF. Polyploidy is characterized by an exponential increase in DNA content dictated by the number of doublings of the entire genome. This exponential increase in amount of DNA is reflected by a parallel increase in nuclear volume, a phenomenon that occurs only occasionally with myocardial aging and pathology, as shown previously 5, 38, 39 and in the present study. However, on the basis of the Feulgen reaction and cytophotometry, the number of polyploid myocyte nuclei has been claimed to comprise 50% of myocytes at 10 years of age and nearly 100% in the adult, old, or hypertrophied heart. 40 Importantly, the latter value was introduced in the previous interpretation of [ 14 C] in myocyte nuclei. 3 Moreover, in the original report by Bergmann and colleagues, 3 the selection of myocyte nuclei, the mathematical model used, and the interpretation of [ 14 C] to arbitrarily construct an exponential curve pointing to a decline in myocyte renewal with age may have contributed to yield the unusual low rates of myocyte turnover. 2, 8, 12 A few comments have to be made about the potential confounding variables present in the evaluation of [ 14 C] in myocyte nuclei; they include DNA repair of damaged or mutated DNA, turnover of mitochondrial DNA, and nucleotide salvage pathways triggered by cell death. The first 2 possibilities would yield younger myocytes and higher turnover rates; the third would lead to opposite effects. However, these processes do not significantly alter the measurements of [ 14 C] in the nDNA by AMS. Nearly 2000 to 10 000 nucleotide bases are replaced per day in the human genome as a result of DNA damage. 41 Diploid human cells contain 6ϫ10 9 base pairs, ie, 12ϫ10 9 nucleotide bases. 42 When the highest value of 10 000 bases being repaired per day is considered, it would require 1.2ϫ10 6 days or 3288 years to restore the entire genomic DNA. Over 80 years of life, only 2.4% of 14 C in the genomic DNA would be derived by this mechanism.
The mitochondrial genome contains 1.6ϫ10 4 base pairs, ie, 3.2ϫ10 4 nucleotide bases. 43 Even if we assume that 3000 mitochondria are present in adult human cardiomyocytes, aggregate mitochondrial DNA would be composed of 9.6ϫ10 6 nucleotide bases. This value is equivalent to 0.1% of the DNA, making its contribution to the measurement of 14 C in the genomic DNA essentially negligible. Finally, incorporation of 14 C-labeled nucleotides released from dying myocytes during DNA degradation would be minimal. In a model of irradiated cells in vitro, it was demonstrated that Ͻ0.05% of metabolites originating from the degraded DNA are reused for new DNA synthesis. 44 This value is significantly below the level of accuracy of AMS. Importantly, 14 C was found to be undetectable in human neurons of individuals born before the rise in 14 C in the atmosphere resulting from aboveground nuclear testing, 45 further bringing into question the relevance of these biological events in the evaluation of average myocyte age and turnover rate by this methodology. Importantly, the data obtained by 14 C birth dating of cardiomyocytes are consistent with previous results collected by IdU incorporation in replicating myocytes 12 and following the implementation of a hierarchical model of cardiac growth in the aging heart. 4
Conclusions
The human heart is a highly dynamic organ that retains a significant degree of plasticity throughout life and in the presence of CHF. However, the ability to regenerate cardiomyocytes, ECs, and fibroblasts cannot prevent the manifestations of myocardial aging 4, 32 or oppose the negative effects of ischemic and idiopathic dilated cardiomyopathy. 2 Recently, the clinical implementation of autologous cardiac stem cells and cardiospheres in patients with CHF of ischemic origin has provided encouraging results, 46,47 suggesting 
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